Introduction {#Sec1}
============

Colorectal cancer (CRC) is one of the most commonly diagnosed cancers and leading causes of cancer-related mortality worldwide^[@CR1],[@CR2]^. Despite the benefits of early screening, surgery and other localized therapeutic intervention, the current 5-year survival rate for advanced CRC patients is only 8%^[@CR3]^. There is a severe lack of highly reliable strategies for better clinical prevention/therapy. Regorafenib, a novel oral multikinase spectrum inhibitor, has demonstrated effectiveness in patients with chemorefractory metastatic CRC, which progresses though every available standard therapy has been applied^[@CR4]^. However, the use of regorafenib is clinically hampered by its modest efficacy in unselected patient populations, serious side-effects, and high drug costs^[@CR4],[@CR5]^. Thus, in order to improve patient outcomes, the development of novel effective and promising strategies for advanced CRC treatment is still urgently needed.

Natural products with highly diverse bioactivities and functions play a dominant role in the discovery of lead compounds for cancer treatment and prevention. Magnolin, an active furofuranoid lignans from *Magnolia biondii*, exhibits various biological activities, including anti-inflammatory activity, anti-cancer, anti-oxidative, and vasodilatory effects^[@CR6]--[@CR10]^. Although the targets or effectors of magnolin are not well-defined, the widespread biological activities and low toxic side-effects of magnolin render it a promising drug candidate in clinical development. Recent studies have demonstrated that magnolin markedly suppresses cell proliferation and transformation by targeting ERKs activities^[@CR7],[@CR11]^. However, the defined molecular mechanisms of magnolin on tumorigenesis remain elusive.

In this study, we have demonstrated that magnolin suppresses the growth of CRC by inducing autophagy and cell cycle arrest in vitro and in vivo. Molecular validation mechanistically demonstrates that magnolin-induced autophagy and cell cycle arrest in CRC cells is associated with decreased transcriptional levels of leukemia inhibitory factor (LIF), and we further find that inhibition of LIF decreases phosphorylation level of Stat3 and represses transcriptional expression of Mcl-1. Furthermore, magnolin-induced autophagy and cell cycle arrest suppress the growth of xenograft colorectal tumors without remarkable toxicity. Finally, we evaluate the clinical correlation of LIF/Stat3/Mcl-1 in CRC patient tissues. As expected, LIF, p-Stat3, and Mcl-1 levels are high in CRC tissue but are scarcely found in normal colon tissue. High positive expressions of LIF or Mcl-1 are associated with poor prognosis. Doubly positive cases have shown the worst outcome. Taken all together, these results suggest that magnolin serves as a novel and promising drug candidate via blocking LIF/Stat3/Mcl-1 axis for future CRC therapy.

Results {#Sec2}
=======

Magnolin inhibits growth and induces cell cycle arrest in CRC cells {#Sec3}
-------------------------------------------------------------------

The chemical structure of magnolin is shown in Fig. [1a](#Fig1){ref-type="fig"}. The MTT assay was used to examine the cytotoxic effects of magnolin against two typical CRC cell lines (HCT116 and SW480). As shown in Fig. [1b](#Fig1){ref-type="fig"}, cell viability of CRC cell lines was remarkably decreased dose-dependently by magnolin (0--40 μM) for 48 h. Consistently, as evidenced by reduced clonogenicity (Fig. [1c](#Fig1){ref-type="fig"}), magnolin significantly inhibited cell proliferation in CRC cells. To explore cell apoptosis induction effect of magnolin on CRC cells, we performed employing Annexin V staining and western blot assays. Magnolin slightly promoted CRC cells apoptosis (Supplementary Fig. [1a,b](#MOESM1){ref-type="media"}). To explore cell cycle arrest induction effect of magnolin on CRC cells, we performed flow cytometry detection. As shown in Fig. [1d, e](#Fig1){ref-type="fig"}, magnolin markedly increased cell number at G0/G1 phase after 48 h exposure, accompanied by reduced cell number at G2/M phase in HCT116 and SW480 cells. The cell cycle arrest effects were further confirmed by employing western blot assays. Along with activation of p27, Cyclin D1 and Cyclin B1 were markedly decreased by magnolin dose-dependently (Fig. [1f](#Fig1){ref-type="fig"}).Fig. 1Magnolin inhibits growth and induces cell cycle arrest in CRC cells.**a** Chemical structure of magnolin. **b** Cell viability was examined using MTT assay in HCT116 and SW480 cells treated with magnolin at different concentrations for 48 h. **c** The clonogenicity of HCT116 and SW480 cells were detected after treatment with magnolin at different concentrations for 14 days. **d**, **e** HCT116 and SW480 cells were treated with indicated concentrations of magnolin for 48 h. Cell cycle distribution was determined by flow cytometer. **f** The protein levels of Cyclin D1, p27, and Cyclin B1 were determined by western blot assays. **g** Cyclin D1 and p27 levels in xenograft tumors were examined by western blot assays. **h** Ki67 and Cyclin D1 expressions in xenograft tumors were examined by IHC staining. Representative images were conducted as indicated. \*\*\**P* \< 0.001; Scale bars, 50 μm. For (**b**), (**d**) and (**e**), data are shown as mean ± s.d. (*n* = 3); \**P* \< 0.05; \*\**P* \< 0.01 compared with control (Student's *t* test). For (**g**) and (**h**), data are shown as mean ± s.d. (*n* = 9). All the western data shown are representative of at least three independent experiments

In order to further investigate the effect of magnolin on CRC cell cycle arrest in vivo, western blot assays and IHC staining detection were performed in CRC xenograft tumors. As shown in Fig. [1g](#Fig1){ref-type="fig"}, magnolin treatment significantly decreased Cyclin D1 levels and clearly increased p27 levels in HCT116 tumors compared with that of the control group. Consistently, a similar trend was observed in Cyclin D1 and p27 staining (Fig. [1h](#Fig1){ref-type="fig"} and Supplementary Fig. [1c](#MOESM1){ref-type="media"}). Furthermore, we detected xenografts by Ki67 staining to assess the change of tumor proliferation status. There was a marked decrease in the percentage of Ki67-positive staining in magnolin-treated tumors, as compared with that of control tumors (Fig. [1h](#Fig1){ref-type="fig"}). Collectively, these results suggest that magnolin inhibits the proliferation and induces cell cycle arrest of CRC in vitro and in vivo.

Magnolin promotes autophagy in CRC cells {#Sec4}
----------------------------------------

Autophagy, one mode of programmed cell death, plays a critical role in cancer development and progression^[@CR12],[@CR13]^. In this present study, we first determined the protein levels of two specific autophagy markers, LC-3B and p62, by western blot assays. As shown in Fig. [2a](#Fig2){ref-type="fig"} and Supplementary Fig. [2a and b](#MOESM1){ref-type="media"}, the result demonstrated that magnolin significantly increased the expression of LC-3B-II, while markedly decreased the expression of p62 in a dose-dependent manner. To further verify magnolin-induced autophagy, we analyzed the cellular ultrastructure of CRC cells by transmission electronic microscopy. As shown in Fig. [2b](#Fig2){ref-type="fig"}, there was a dramatic accumulation of double membrane vesicles containing subcellular materials in magnolin-treated cells. Using a tandem mRFP-GFP-tagged LC-3, we found strong green fluorescent (GFP-tagged LC-3), with red dots (indicating autolysosomes) and yellow dots (indicating autophagosomes) being generated. Combinatorial treatment with the specific lysosomal inhibitor chloroquine (CQ) and magnolin exposure resulted in a further increased conversion of LC3-I to LC-3-II, promotion of LC-3 puncta and lipidation, and accumulation of autophagosomes (Fig. [2c, d](#Fig2){ref-type="fig"} and Supplementary [2c,d](#MOESM1){ref-type="media"}). Moreover, western blot assays showed that CQ promoted LC-3B conversion, abrogated p27 induction and suppressed p62 and Cyclin D1 downregulation in magnolin-treated CRC cells (Supplementary [2e,f](#MOESM1){ref-type="media"}). Furthermore, we investigated the effect of magnolin on CRC autophagy in vivo by western blot assays and IHC staining. As shown in Fig. [2e](#Fig2){ref-type="fig"}, magnolin treatment strongly increased the expression level of LC-3B-II and dramatically decreased the expression level of p62 in HCT116 tumors compared to that of the control group by western blot assays. Consistently, IHC staining demonstrated that positive staining of LC-3B was much stronger, but positive staining of p62 and NBR1 were much weaker in magnolin-treated xenografts tumors compared with control xenografts tumors. (Fig. [2f](#Fig2){ref-type="fig"} and Supplementary Fig. [2g](#MOESM1){ref-type="media"}). Collectively, these results suggest that magnolin promotes autophagy in CRC cells.Fig. 2Magnolin promotes autophagy in CRC cells.**a** Western blotting analysis shows that the protein expression of LC-3B and p62 was measured in HCT116 and SW480 cells treated with indicated concentrations of magnolin for 48 h. **b** Autophagy was determined after treatment with DMSO or magnolin (40 μM) for 48 h by transmission electron microscopy. Right, quantitative analysis of autophagosomes. Data are shown as mean ± s.d. (*n* = 3); \*\**P* \< 0.01 compared with control. **c**, **d** Cells were treated with magnolin with or without CQ respectively. **c** Cells were transfected with a reporter plasmid (mRFP-GFP-LC3), followed by a confocal laser scanning microscope. Right, total number of endogenous LC3 puncta per cell. **d** The endogenous LC-3B puncta formation was measured by IF analysis. Right, quantitative analysis of autophagosomes. For (**c**) and (**d**), data are shown as mean ± s.d. (*n* = 3); \*\**P* \< 0.01 compared with control; ^\#\#^*P* \< 0.01 compared with cells treated with magnolin (Student's *t* test). Scale bar, 20 μm. **e** Xenograft tumors were examined at the levels of LC-3B and p62 by western blot assays. **f** LC-3B expression in xenograft tumors was determined by IHC staining. Representative images were conducted as indicated. \*\*\**P* \< 0.001; Scale bar, 50 μm. For (**e**) and (**f**), data are shown as mean ± s.d. (*n* = 9). All the western data shown are representative of at least three independent experiments

Inhibition of autophagy blocks magnolin-induced cell cycle arrest {#Sec5}
-----------------------------------------------------------------

Autophagy plays a pivotal role in maintaining cell growth and survival by regulating cell cycle progression^[@CR14],[@CR15]^. To determine the relationship between autophagy and cell cycle arrest induced by magnolin on CRC cells, HCT116 and SW480 cells were treated with magnolin for 48 h along with or without the specific autophagy inhibitor 3-Methyladenine (3-MA). LC-3B, p62, p27, and Cyclin D1 protein levels were analyzed by western blot assays. As shown in Fig. [3a](#Fig3){ref-type="fig"}, in magnolin-treated CRC cells, 3-MA abrogated LC-3B conversion and p27 induction and suppressed p62 and Cyclin D1 downregulation. Furthermore, the cell cycle arrest effect of magnolin was also clearly blocked when combined with 3-MA (Fig. [3b](#Fig3){ref-type="fig"}). Consistently, knockdown of endogenous LC-3B by siRNA in CRC cells dramatically suppressed magnolin-induced autophagy and cell cycle arrest in CRC cells (Fig. [3c, d](#Fig3){ref-type="fig"} and Supplementary Fig. [3a,b](#MOESM1){ref-type="media"}). Furthermore, knockdown of endogenous Atg3 in CRC cells dramatically abrogated magnolin-inhibited the proliferation (Supplementary Fig. [3c−e](#MOESM1){ref-type="media"}). Taken together, these results show that inhibition of autophagy could block magnolin-regulated cell cycle arrest.Fig. 3Inhibition of autophagy blocks magnolin-induced cell cycle arrest.**a**, **b** Cells were treated with magnolin with or without 3-MA respectively. **a** The levels of LC-3B, p62, Cyclin D1, and p27 proteins were examined by western blot assays. **b** The cell cycle distribution was determined by flow cytometer. **c**, **d** Cells were transfected with control siRNA or siRNA against LC-3B followed by magnolin treatment. **c** The levels of LC-3B, p62, Cyclin D1, and p27 proteins were examined by western blot assays. **d** The cell cycle distribution was determined by flow cytometer. For (**b**) and (**d**), data are shown as mean ± s.d. (*n* = 3); \*\**P* \< 0.01 compared with control; ^\#\#^*P* \< 0.01 compared with control or si.control transfected cells treated with magnolin (Student's *t* test). All the western data shown are representative of at least three independent experiments

Magnolin inhibits Mcl-1 through inactivation of the LIF signaling {#Sec6}
-----------------------------------------------------------------

It has been reported that Mcl-1 plays key roles in the regulation of cell life and death^[@CR16],[@CR17]^. In this study, we found that magnolin significantly downregulated the expression of Mcl-1 at both mRNA and protein levels (Fig. [4a, b](#Fig4){ref-type="fig"}). Ectopic Mcl-1 expression abolished LC-3B conversion and p27 induction and prevented p62 and Cyclin D1 downregulation in magnolin-treated CRC cells (Fig. [4c](#Fig4){ref-type="fig"} and Supplementary Fig. [4a,b](#MOESM1){ref-type="media"}). Furthermore, Mcl-1 overexpression suppressed magnolin-regulated autophagic flux (Supplementary Fig. [4c,d](#MOESM1){ref-type="media"}) and cell cycle arrest (Supplementary Fig. [4e,f](#MOESM1){ref-type="media"}) in CRC cells. LIF is an important regulator and is frequently overexpressed in different human tumor types. In the present study, we found that LIF mRNA and protein levels were markedly decreased in response to magnolin dose-dependently (Fig. [4d](#Fig4){ref-type="fig"}). Ectopic LIF expression clearly increased Mcl-1 mRNA and protein levels in magnolin-treated CRC cells (Fig. [4e, f](#Fig4){ref-type="fig"}). Moreover, LIF overexpression also suppressed magnolin-induced autophagic flux (Fig. [4g, h](#Fig4){ref-type="fig"}) and cell cycle arrest (Fig. [4i](#Fig4){ref-type="fig"}) in CRC cells. Consistently, knockdown of endogenous LIF by siRNA markedly decreased Mcl-1 mRNA and protein levels (Fig. [4j](#Fig4){ref-type="fig"} and Supplementary Fig. [5a](#MOESM1){ref-type="media"}), and knockdown of endogenous LIF clearly increased conversion of LC-3B and p27 induction and promoted p62 and Cyclin D1 downregulation (Fig. [4k](#Fig4){ref-type="fig"} and Supplementary Fig. [5b](#MOESM1){ref-type="media"}). Collectively, these results demonstrate that magnolin inactivates the LIF signaling pathway, which in turn downregulates Mcl-1 and induces autophagy and cell cycle arrest of CRC.Fig. 4Magnolin inhibits Mcl-1 through inactivation of the LIF signaling.**a, b** HCT116 and SW480 cells were treated with indicated concentrations of magnolin for 48 h. **a** The protein levels of Mcl-1 were determined by western blot assays. **b** The mRNA levels of *Mcl-1* were detected by real-time PCR. **c** Cells were transfected with Mcl-1 (Mcl-1 Vec) or empty vector (Control Vec) and followed by magnolin treatment. The levels of Mcl-1, LC-3B, p62, Cyclin D1, and p27 proteins were detected by western blot assays. **d** The protein and mRNA levels of LIF were detected by western blot assays and real-time PCR. **e**--**i** Cells were transfected with LIF (LIF Vec) or empty vector (Control Vec) and followed by magnolin treatment. **e**, **f** The protein levels of LIF and Mcl-1 were determined by western blot assays. The mRNA levels of *Mcl-1* were detected by real-time PCR. **g**, **h** Cells were transfected with a reporter plasmid (mRFP-GFP-LC3), followed by a confocal laser scanning microscope. Scale bar, 20 μm. **i** The cell cycle distribution was determined by flow cytometer. **j**, **k** Cells were transfected with control siRNA or siRNA against LIF. **j** The levels of LIF and Mcl-1 proteins were determined by western blot assays. **k** The levels of LC-3B, p62, Cyclin D1, and p27 proteins were detected by western blot assays. For (**b**) and (**d**), data are shown as mean ± s.d. (*n* = 3); \**P* \< 0.05; \*\**P* \< 0.01 compared with control (Student's *t* test). For (**e**--**i**), data are shown as mean ± s.d. (*n* = 3); \*\**P* \< 0.01 compared with vector control transfected cells; ^\#\#^*P* \< 0.01 compared with vector control transfected cells treated with magnolin (Student's *t* test). All the western data shown are representative of at least three independent experiments

LIF promotes Stat3 phosphorylation to block magnolin-induced autophagy and cell cycle arrest {#Sec7}
--------------------------------------------------------------------------------------------

Stat3 is a transcription factor that regulates downstream target genes and plays a major role in tumor survival and oncogenesis^[@CR18],[@CR19]^. Interestingly, we found that magnolin dramatically inhibited the phosphorylation level of Stat3, but there was no obvious change in its total expression in CRC cells (Fig. [5a](#Fig5){ref-type="fig"}). The inhibition of p-Stat3 by magnolin was mediated through LIF, and ectopic LIF expression induced Stat3 phosphorylation (Fig. [5b, c](#Fig5){ref-type="fig"}). To investigate whether Stat3 mediates magnolin-induced autophagy and cell cycle arrest in CRC cells, the protein and mRNA levels of Mcl-1 were detected by western blot assays and real-time PCR, respectively. As shown in Fig. [5d, e](#Fig5){ref-type="fig"}, ectopic Stat3 expression clearly blocked magnolin-inhibited Mcl-1 at both mRNA and protein levels in CRC cells. Furthermore, Stat3 overexpression strongly blocked magnolin-induced autophagy and cell cycle arrest (Fig. [5f−j](#Fig5){ref-type="fig"}). Collectively, these data suggest that LIF promotes Stat3 phosphorylation to block magnolin-induced autophagy and cell cycle arrest.Fig. 5LIF promotes Stat3 phosphorylation to block magnolin-induced autophagy and cell cycle arrest.**a** HCT116 and SW480 cells were treated with indicated concentrations of magnolin for 48 h. The protein levels of p-Stat3 were determined by western blot assays. Total Stat3 expressions were detected as the internal control. **b** Cells were transfected with LIF (LIF Vec) or empty vector (Control Vec). The levels of LIF, p-Stat3, and Total Stat3 proteins were detected by western blot assays. **c** Cells were transfected with LIF (LIF Vec) or empty vector (Control Vec) and followed by magnolin treatment. The levels of p-Stat3 and Total Stat3 proteins were determined by western blot assays. **d**--**j** Cells were transfected with Stat3 (LIF Vec) or empty vector (Control Vec) and followed by magnolin treatment. **d**, **e** The protein levels of Stat3 and Mcl-1 were determined by western blot assays. The mRNA levels of *Mcl-1*were detected by real-time PCR. **f** The protein levels of LC-3B, p62, Cyclin D1, and p27 were detected by western blot assays. **g**, **h** The cell cycle distribution was determined by flow cytometer. **i**, **j** Cells were transfected with a reporter plasmid (mRFP-GFP-LC3), followed by a confocal laser scanning microscope. For (**d**, **e**) and (**g**--**j**), data are shown as mean ± s.d. (*n* = 3); \*\**P* \< 0.01 compared with vector control transfected cells; ^\#\#^*P* \< 0.01 compared with vector control transfected cells treated with magnolin (Student's *t* test). All the western data shown are representative of at least three independent experiments

Magnolin inhibits growth and development in colorectal HCT116 xenograft tumors {#Sec8}
------------------------------------------------------------------------------

To investigate whether magnolin inhibits CRC growth and development in vivo, we established a colon tumor xenograft model by injecting human HCT116 cells subcutaneously into nude mice. As shown in Fig. [6a](#Fig6){ref-type="fig"}, macroscopically, the size of magnolin-treated tumors was markedly reduced compared with that of the control group. Consistently, tumor weight in magnolin-treated mice was much smaller than that of the control group (Fig. [6b](#Fig6){ref-type="fig"}). Xenografts treated with magnolin continued to grow but at a considerably slower rate than those treated with vehicle (Fig. [6c](#Fig6){ref-type="fig"}). However, there was no noticeable difference in body weight (Fig. [6d](#Fig6){ref-type="fig"}) between the control and magnolin-treated groups. IHC staining demonstrated that positive staining of LIF, p-Stat3, and Mcl-1 was much lower in magnolin-treated xenografts tumors compared with control xenografts tumors (Fig. [6e, f](#Fig6){ref-type="fig"}). Consistently, magnolin treatment inhibited Stat3, and attenuated protein levels of LIF and Mcl-1 in HCT116 xenograft tumors (Fig. [6g](#Fig6){ref-type="fig"}).Fig. 6Magnolin inhibited growth and development in colorectal HCT116 xenograft tumors.**a**--**g** BALB/c nude mice were inoculated with HCT116 cells and treated with magnolin or vehicle. **a** Tumors were isolated and photographed. **b** Tumors were weighted. **c** Tumor volumes were measured every 3 days. **d** Bodies were weighted. **e**, **f** LIF, p-Stat3, and Mcl-1 expressions were determined by IHC staining in xenograft tumors. Representative images were conducted as indicated. \*\*\**P* \< 0.001; Scale bars, 50 μm. **g** LIF, p-Stat3, Stat3, and Mcl-1 levels were determined in xenograft tumors by western blot assays. Western data shown are representative of at least three independent experiments. **h** Kaplan--Meier plots of the relapse-free survival (RFS) of CRC patients, stratified by expression of LIF or Mcl-1. Data obtained from the publically available datasets (GSE17536). **i** The relevance between LIF and relative expression of Mcl-1 in clinical CRC samples. **j** Representative micrographs of LIF, p-Stat3, and Mcl-1 expression in CRC and normal colon tissues, as analyzed by IHC. Scale bars, 200 μm. **k** The overall survival of CRC patients with LIF and Mcl-1 expression, as well as combined expression of LIF and Mcl-1 (**l**) are analyzed by the Kaplan--Meier estimates and the log-rank test. For (**a**--**g**), data are shown as mean ± s.d. (*n* = 9). \**P* \< 0.05; \*\**P* \< 0.01 compared with control (Student's *t* test)

Coexpression of LIF, p-Stat3, and Mcl-1 correlates with a poor prognosis in CRC patients {#Sec9}
----------------------------------------------------------------------------------------

To further evaluate the clinical correlation of LIF/Stat3/Mcl-1 in CRC patient tissues, we subjected them to Kaplan--Meier survival analysis in the publically available dataset of CRC patients (GSE17536). Data showed that patients with higher expressions of LIF or Mcl-1 displayed poorer relapse-free survival rate (Fig. [6h](#Fig6){ref-type="fig"}). Spearman correlation analysis demonstrated that the expression of LIF in CRC tissues was positively associated with the expression of Mcl-1 (Fig. [6i](#Fig6){ref-type="fig"}). Subsequently, we determined primary tumor samples from 100 CRC patients by IHC. LIF, p-Stat3, and Mcl-1 levels were high in CRC tissue but were scarcely found in normal colon tissue (Fig. [6j](#Fig6){ref-type="fig"}). High positive expressions of LIF or Mcl-1 proteins were associated with poor prognosis (Fig. [6k](#Fig6){ref-type="fig"}). Doubly positive cases showed the worst outcome (Fig. [6l](#Fig6){ref-type="fig"}). Collectively, these results suggest that LIF/Stat3/Mcl-1 axis could be prognosis markers for poor survival in CRC patients.

Taken together, our results suggest that the LIF/Stat3/Mcl-1 axis plays a key role in magnolin-induced autophagy and cell cycle arrest in CRC.

Discussion {#Sec10}
==========

Magnolin, an active furofuranoid lignans compound, has been reported to possess broad biological activities. Recent studies have demonstrated that magnolin shows remarkable efficacy in inhibiting tumor growth^[@CR7],[@CR8],[@CR11],[@CR20]^. However, the exact molecular mechanisms have not been elucidated. In this study, we have demonstrated that magnolin represses Stat3/Mcl-1 signaling via targeting LIF, and thereby inducing autophagy and cell cycle arrest, leading to the suppression of the growth of CRCs in vitro and in vivo.

Cell cycle progression is monitored strictly and checkpoints during phase transitions of the cell cycle ensure healthy cell progression and proliferation^[@CR21],[@CR22]^. Loss of cell cycle control is one of the typical characteristics of tumorigenesis. Progression through the cell cycle is known to be controlled by cyclins, cyclin-dependent kinase (CDKs) and cyclin-dependent kinase inhibitors (CKIs), which play essential roles in the G1/S phase transition. And the Cyclin D1 and p27 proteins specifically serve as key regulators of early cell fate to coordinate entry into S phase^[@CR23]--[@CR25]^. We have found that magnolin induces G1 phase arrest accompanied by decreased proportion of G2 phase in CRC cells. We have also demonstrated that magnolin treatment markedly upregulates the protein expression level of p27, while decreases the protein expression level of Cyclin D1. Cyclin B1, as a tumor antigen, is a key mitotic cyclin in the G2/M phase transition of the cell cycle^[@CR24],[@CR25]^. In this study, we have found that magnolin treatment significantly decreases the protein expression level of Cyclin B1. Together, these results suggest that magnolin induces cell cycle arrest in CRC cells.

Autophagy is evolutionarily conserved, and it participates in the fusion between double-membraned autophagosomes and lysosomes to form autolysosomes^[@CR26]--[@CR28]^. Transmission electron microscopy (TEM) is considered as one of the most convincing and sensitive methods to be used to examine whether autophagic compartments are formed, which subsequently engulf cytoplasmic components and organelles, including endoplasmic reticulum, ribosomes and mitochondria^[@CR29]^. In this study, we have found that magnolin accumulates the formation of autophagic vacuoles (AVs) by TEM. A lipidated form of LC-3B, LC-3B-II which is localized on the AVs, has been used as a typical marker of autophagosomes. In this study, we have found that magnolin markedly promotes LC-3 lipidation and the formation of positive autophagic puncta, increases LC-3B-II/LC-3B-I ratio, and induces autophagic flux formation. P62 represents an autophagy adaptor, being capable of directly binding ubiquitin and autophagy components. P62 expression is generally inversely proportional to autophagic degradation, and meanwhile serves as a good indicator of autophagy flux. We have found that magnolin significantly inhibits the protein expression level of p62. Altogether, these results markedly suggest that magnolin induces autophagy in CRC cells.

Recent numerous lines of evidence suggest that manipulation of autophagy may provide important insights into the prevention of cancer development and progression as well as the improvement of cancer therapy^[@CR13],[@CR30]^. Autophagy deficiency, which is associated with activated DNA damage response and genomic instability, is usually more likely to result in tumor formation and progression^[@CR31],[@CR32]^. Paradoxically, however, autophagy can also conversely promote the survival and proliferation of cancer cells under environmental and intracellular stress conditions, such as inadequate nutrient supply, hypoxia, chemotherapy and radiotherapy, thus accelerating tumor growth^[@CR33],[@CR34]^. Therefore, autophagy has a dual role, as it can either promote or suppress cancer for therapeutic purposes depending on the circumstances.

Autophagy has been found to exhibit essential roles in maintaining cell survival via cell cycle-regulating. Previous studies have demonstrated that autophagy induces cell cycle arrest in human glioblastoma cells through inhibiting cancer cell growth^[@CR35]^, and some researchers have found that induction of autophagy by boswellic acid analog may promote G2/M arrest and inhibit tumor growth in human pancreatic cancer cells^[@CR36]^. Furthermore, overexpression of cell cycle inhibitors (p27, CDK-1) is sufficient to promote autophagy^[@CR37]^. It seems necessary to further clarify the complexity of the interplay between cell cycle and autophagy under stress conditions. In this study, we have found that pre-treatment of cells with 3-MA or knockdown of endogenous LC-3B by siRNA markedly blocks magnolin-induced cell cycle arrest. Therefore, magnolin may induce cell cycle arrest via triggering autophagy, which results in suppressing the growth of CRC in vitro and in vivo.

Mcl-1, a member of Bcl-2 family proteins, has been found frequently overexpressed in multiple cancer types. Recent studies suggest that Mcl-1 can inhibit autophagy and play critical roles in cancer cell survival and death^[@CR17],[@CR38]^. In this present study, we have demonstrated that magnolin transcriptionally suppresses Mcl-1 expression in CRC cells. Consistently, ectopic Mcl-1 expression clearly inhibits magnolin-induced autophagy and cell cycle arrest in CRC cells. Stat3, a member of the STAT family of transcription factors, mediates cell growth, differentiation and survival signals in many types of cells^[@CR18],[@CR19],[@CR39]^. Previous studies have shown that IL-6-induced Stat3 signaling upregulates Mcl-1 transcription in cholangiocarcinoma cells. In this study, we have found that magnolin dramatically decreases phosphorylation level of Stat3. Ectopic Stat3 expression upregulates Mcl-1 transcription and strongly blocks magnolin-induced autophagy and cell cycle arrest in CRC cells. Collectively, these results suggest that Stat3/Mcl-1 pathways play a dominant role in magnolin-induced autophagy and cell cycle arrest.

LIF, a member of the Interleukin-6 family, is a multifunctional cytokine that exerts a variety of effects on cell and tissue types. Recent studies have demonstrated that LIF promotes tumor development and progression^[@CR40],[@CR41]^. Overexpression of LIF significantly enhances proliferation, growth, and metastasis of both cultured human cancer cells and xenografts^[@CR41]--[@CR43]^. Moreover, overexpression of LIF has been observed most frequently in many types of cancers, such as colorectal, lung, breast, melanoma and nasopharyngeal, head and neck cancer^[@CR41]--[@CR45]^. Our previous studies have found that LIF promotes p53-regulated CRC chemoresistance, and patients with higher LIF levels often have a poor prognosis^[@CR42]^. Thus, targeting LIF has become a potential strategy in cancer therapy. In this present study, we have demonstrated that magnolin dramatically decreases the levels of LIF protein, and LIF expression markedly suppresses magnolin-induced autophagy and cell cycle arrest in CRC cells. Recent studies have demonstrated that LIF can selectively activate several signaling pathways, including JAK/Stat3, PI3K/Akt, MAPK, and mTOR, depending on cell type and tissue-specific manner^[@CR41],[@CR42]^. In our previous studies, we have found that LIF negatively regulates p53 protein levels and function through Stat3/ID1/MDM2 axis activation in CRCs^[@CR42]^. Results from this study have clearly shown that ectopic LIF expression in CRC cells significantly blocks the inhibitory effect of magnolin on Stat3/Mcl-1 pathway. Clinical studies have shown that LIF expression is positively associated with the Mcl-1, and high positive expressions of LIF or Mcl-1 are associated with poor prognosis. Collectively, our results suggest that the LIF/Stat3/Mcl-1 axis plays a key role in magnolin-regulated autophagy and cell cycle arrest in CRCs.

In summary, these results elucidate that magnolin promotes autophagy and cell cycle arrest through LIF/Stat3/Mcl-1 pathway, which in turn prevents the tumor growth of CRC. These findings indicate that magnolin might represent a promising candidate drug for future CRC therapeutics.

Materials and methods {#Sec11}
=====================

Cell culture and cell treatments {#Sec12}
--------------------------------

Human CRC cell lines HCT116 and SW480 were obtained from ATCC in April 2016. The cells being used were used within 1 month after resuscitation. The cell lines were identified using a short tandem repeat analysis. Mycoplasma contamination was excluded in these cell lines. Cells were maintained at 37 °C in RPMI-1640 supplemented with 10% FBS and 1% penicillin/streptomycin in a humidified incubator under 5% CO~2~. Expression vectors of human LIF, Stat3, and Mcl-1 were designed and purchased from Servicebio Technologies (Wuhan, China). For siRNA knockdown, siRNA oligos against LC-3B, Atg3, and LIF were obtained from Hanbio Biotechnology (Shanghai, China). 3-MA and chloroquine (CQ) were obtained from Selleck (London, ON, Canada). Magnolin with greater than 98% purity was obtained from Shanghai Yuanye Bio-Technology (Shanghai, China). 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide (MTT) and 4, 6-diamidino-2-phenylindole (DAPI) reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell viability assay {#Sec13}
--------------------

Cell viability was measured using an MTT assay. In brief, human CRC cells (5×10^3^ cells/well) were treated with magnolin at different concentrations for 48 h, and further incubated with MTT solution at 37 °C for 4 h. Then, medium was removed. DMSO (100 μl) was added and acquired by a microplate reader at 570 nm. For blocking study, cells were pre-cultured with 1 mM 3-MA for 1 h, and then treated with 40 μM magnolin for 48 h.

Cell cycle distribution analysis {#Sec14}
--------------------------------

Cell cycle distribution was determined by flow cytometer as previously described^[@CR46]^. Briefly, human CRC cells were maintained in six-well plates with different concentrations of magnolin for 48 h. The cells were harvested and fixed with 75% ethanol, and re-suspended in 50 μg/ml of PI staining buffer for 15 min at 37 °C. Cell cycle distribution was analyzed by flow cytometer FACS Verse (BD Biosciences, San Jose, CA, USA).

Quantitative real-time PCR {#Sec15}
--------------------------

Total RNA was purified as previously described^[@CR47]^. Real-time PCR was done in triplicate with TaqMan or SYBGreen PCR mixture (Life technology, Foster City, CA, USA). The LIF probe was purchased from Life technology. The *Mcl-1* and *Actin* primers were synthesized from Sangon Biotech as follows: For *Mcl-1*, 5′-GGACATCAAAAACGAAGACG-3′ and 5′-GCAGCTTTCTTGGTTTATGG-3′; For *Actin*, 5′-GGACTTCGAGCAAGAGATGG-3′ and 5′-AGCACTGTGTTGGCGTACAG-3′.

Colony formation assay {#Sec16}
----------------------

Colony formation assay was conducted as described above^[@CR48]^. Human CRC cells were seeded into six-well plates and cultured overnight. Cells were then treated with different concentrations of magnolin. On day 14, colonies were fixed with 4% paraformaldehyde, and stained with 0.1% crystal violet. The colony number was counted in indicated time periods.

Xenograft tumorigenicity assays {#Sec17}
-------------------------------

HCT116 cells (5×10^6^ in 0.2 ml PBS) were inoculated subcutaneously (via s.c. injection) into 7-week-old BALB/c female athymic nude mice (Taconic). When tumor volumes reached 100 mm^3^, mice were randomly assigned into two groups (*n* = 9, per group) and received vehicle or magnolin (20 mg/kg every other day) via i.p. injection for 33 days. Tumor volume and body weight were recorded every 3 days. The mouse experiments were performed according to protocols approved by the Animal Care and Use Committee of Tianjin University of Traditional Chinese Medicine. No specific exclusion or inclusion used for animal experiments.

Immunofluorescence assay {#Sec18}
------------------------

Immunofluorescence (IF) analysis was conducted as described previously^[@CR48]^. In brief, human CRC cells were fixed with 4% paraformaldehyde for 30 min, followed by incubation with 0.5% Triton X-100, and blocked with 5% BSA for 30 min at room temperature. The slides were incubated with anti-LC-3B antibody overnight at 4 °C, followed by incubation with Alexa-Fluor 488-conjugated goat anti-rabbit IgG antibody for 1 h at room temperature. Nuclear staining was then incubated with DAPI and visualized with an inverted fluorescent microscope (Carl Zeiss, Oberkochen, Germany).

Tissue samples {#Sec19}
--------------

The CRC tissue microarrays (*N* = 100) were obtained from Shanghai Outdo Biotech Company (Shanghai, China). These samples were collected from April 2008 to December 2008. All patients were followed up until July 2015. The studies were approved by the Ethics Committee of Taizhou Hospital of Zhejiang Province, and all patients provided written informed consent. The LIF, p-Stat3, and Mcl-1 staining results were classified according to the CRC cells staining intensity by four grades (0, negative; 1, weakly positive; 2, moderately positive; 3, strongly positive). We classified negative and weakly positive as low expressers, and moderately and strongly positive as high expressers.

Database of colorectal cancer patients {#Sec20}
--------------------------------------

Clinical data can be obtained via GEO with the publically available dataset (GSE17536)^[@CR49]^. The expression level of LIF or Mcl-1 in CRC patients was analyzed by Kaplan−Meier estimate.

Immunohistochemistry assay {#Sec21}
--------------------------

Immunohistochemistry (IHC) analysis was conducted as reported previously^[@CR47]^. The prepared sections were incubated with anti-Ki67, anti-Cyclin D1, anti-p27, anti-NBR1, anti-LC-3B, anti-LIF, anti-p-Stat3, and anti-Mcl-1 antibodies overnight at 4 °C, followed by adding biotin-conjugated secondary antibody. Images were visualized by a Leica DM4000B microscope (Leica, Wetzlar, Germany).

Analysis of autophagic flux {#Sec22}
---------------------------

To examine autophagic flux, cells were transfected with a reporter plasmid (mRFP-GFP-LC3) according to the instruction of the manufacturer (GeneChem, Shanghai, China). The transfected cells were treated with 40 μM of magnolin for 48 h. Cells then were fixed in 4% paraformaldehyde and washed in PBS. Finally, the GFP/mRFP images were obtained with a confocal laser scanning microscope (Olympus FV1000, Tokyo, Japan).

Transmission electron microscopy {#Sec23}
--------------------------------

TEM was conducted as described previously^[@CR48]^. In brief, human CRC cells were treated with 40 μM of magnolin for 48 h and fixed with 2% glutaraldehyde. The 50 nm ultrathin sections were cut with an ultramicrotome, contrasted with uranyl acetate/lead citrate, and determined with electron microscope Hitachi H-7650 (Hitachi, Tokyo, Japan).

Western blot assays {#Sec24}
-------------------

Standard western blot assays were performed as described above^[@CR47],[@CR48]^. Antibodies against SQSTM1/p62 (D5E2), LC-3B (D11), Cyclin B1 (Ser116), phospho-Stat3 (Tyr705), total Stat3, NBR1, and Mcl-1 were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against p27 and Cyclin D1 were purchased from BD Biosciences (San Jose, CA, USA). Anti-LIF (AF250-NA) antibody was purchased from R&D. Anti-β-actin (A5441) antibody was purchased from Sigma-Aldrich (St. Louis, MO, USA). Full scans of western blot assays are shown in Supplementary Fig. [6](#MOESM1){ref-type="media"}−[11](#MOESM1){ref-type="media"}.

Statistical analysis {#Sec25}
--------------------

The data were presented as mean ± s.d. The statistical significant differences were performed to analyze the results of animal experiments by the one- or two-way ANOVA and the unpaired Student's *t* test. All other *P* values were evaluated using Student's *t* test (unpaired, two tailed). Survival analysis was performed using the Kaplan−Meier estimates and the log-rank test. Experiments were performed in at least three independent experiments and the statistical variation (*P* \< 0.05) was considered significant.
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